Correspondence shohei.koide@nyumc.org (S.K.), arac@uchicago.edu (D.A.) In Brief Salzman et al. present the first crystal structure of a complete adhesion GPCR extracellular region in complex with an allosteric inverse agonist. They reveal sites that mediate discrete receptor functions and suggest the possibility of therapeutically targeting the GPR56 extracellular region.
SUMMARY
Adhesion G protein-coupled receptors (aGPCRs) play critical roles in diverse neurobiological processes including brain development, synaptogenesis, and myelination. aGPCRs have large alternatively spliced extracellular regions (ECRs) that likely mediate intercellular signaling; however, the precise roles of ECRs remain unclear. The aGPCR GPR56/ADGRG1 regulates both oligodendrocyte and cortical development. Accordingly, human GPR56 mutations cause myelination defects and brain malformations. Here, we determined the crystal structure of the GPR56 ECR, the first structure of any complete aGPCR ECR, in complex with an inverse-agonist monobody, revealing a GPCR-Autoproteolysis-Inducing domain and a previously unidentified domain that we term Pentraxin/Laminin/neurexin/sex-hormone-binding-globulin-Like (PLL). Strikingly, PLL domain deletion caused increased signaling and characterizes a GPR56 splice variant. Finally, we show that an evolutionarily conserved residue in the PLL domain is critical for oligodendrocyte development in vivo. Thus, our results suggest that the GPR56 ECR has unique and multifaceted regulatory functions, providing novel insights into aGPCR roles in neurobiology.
INTRODUCTION
Brain development requires precise coordination of numerous key processes that are individually complex. For instance, to ensure rapid action potential propagation in the vertebrate nervous system, many axons must be insulated by myelin, a multilamellar lipid-rich membrane (Nave and Trapp, 2008) . In the CNS, oligodendrocytes govern myelination by extending and iteratively wrapping their plasma membranes around axon segments (Snaidero et al., 2014) . Loss of myelin leads to severe neurological disorders such as multiple sclerosis (Noseworthy et al., 2000; Olmos-Serrano et al., 2016) . The interplay between the control of myelination and cortical development is poorly understood.
Genetic studies have revealed that GPR56/ADGRG1, a cellsurface G protein-coupled receptor (GPCR), plays important roles in both oligodendrocyte and cortex development, potentially providing a molecular link between these processes (Piao et al., 2004; Li et al., 2008; Koirala et al., 2009; Bae et al., 2014; Ackerman et al., 2015; Giera et al., 2015) . Mutations in GPR56 cause a human brain malformation called bilateral frontoparietal polymicrogyria (BFPP) that is characterized by disorganized cortex lamination and patterning, especially in the frontal cortex, a region responsible for many human-specific functions (Piao et al., 2004) . In addition to cortex malformation, the brains of BFPP patients exhibit myelination abnormalities, such as a reduced white matter volume, indicative of myelinated axon defects (Piao et al., 2004; Bahi-Buisson et al., 2010) . Furthermore, recent studies have revealed that GPR56 has a critical role in the regulation of oligodendrocyte development in both zebrafish and mouse . Altogether, these studies have established GPR56 as a key molecule with multiple functions in CNS development.
GPR56 belongs to the adhesion G protein-coupled receptor (aGPCR) family, a large family of chimeric proteins that have both adhesion and signaling functions (Langenhan et al., 2013; Hamann et al., 2015) . aGPCRs are cell-surface molecules that are believed to mediate intercellular communication via (A) Schematic of predicted GPR56 domain structure including ECR composed of unidentified N-terminal domain (cyan), linker (pink), and cleaved GAIN domain (NTF, gray; Stachel, green; autoproteolysis site, *). Though the terms ''Extracellular Domain'' or ''Ectodomain'' (both abbreviated ECD) are conventional, we have chosen to refer to the extracellular part of GPR56 as ''extracellular region'' (ECR) to avoid confusion given that the ECR is composed to two protein domains (Rossmann and Argos, 1981) . ''y y'' represents unclear domain/linker boundary. (B) Binding titration of purified mouse GPR56 ECR to yeast-displayed monobody a5. Bound GPR56 was quantified using flow cytometry. (C) Binding signal of purified a5 (25 nM) to HEK293T cells overexpressing full-length mouse GPR56 (+) and control (À) cells detected by flow cytometry.
(D) Binding signals of different purified aGPCR extracellular fragments at 250 nM (BAI3, ADGRB3; Lphn1, ADGRL1; Lphn3, ADRGL3; GPR112, ADGRG4; m, mouse; h, human; r, rat) to yeast-displayed a5.
(E) Binding signal of a5 and a5_m5 to purified GPR56 ECR-coated M280 beads (see Figure S2B ).
(legend continued on next page)
cell-cell and cell-matrix interactions. Many aGPCRs have critical roles in nervous system function including peripheral nervous system myelination by Schwann cells (Monk et al., 2009; Mogha et al., 2013) , CNS angiogenesis (Nishimori et al., 1997; Kuhnert et al., 2010) , and excitatory synapse formation (O'Sullivan et al., 2012) . As in the canonical GPCR families, aGPCRs have a seven-pass transmembrane helix bundle (7TM) that, for many aGPCRs, can be activated to initiate a signaling cascade via interactions with cytosolic G proteins. Unlike the canonical GPCR families, aGPCRs also have large and diverse extracellular regions (ECRs), mainly composed of domains generally involved in adhesion-related functions (Langenhan et al., 2013) . Although this architecture suggests ECRs have functional importance, their biological roles are incompletely understood. aGPCRs are characterized by the presence of an extracellular GPCR-Autoproteolysis-INducing (GAIN) domain located immediately N-terminal to the 7TM (Araç et al., 2012) . During aGPCR maturation, autoproteolysis occurs within the GAIN domain (Lin et al., 2004) , cleaving the receptor into two fragments: (1) an N-terminal fragment (NTF) comprising various extracellular adhesion domains and the majority of the GAIN domain; (2) a membrane-bound C-terminal fragment (CTF) comprising the C-terminal b strand of the GAIN domain, termed the ''Stachel peptide'' (Liebscher et al., 2014) (also called ''tethered agonist'' [Stoveken et al., 2015] or ''stalk'' [Kishore et al., 2016] ), the 7TM, and the intracellular region ( Figure 1A ). After autoproteolysis, the NTF and CTF remain associated to form the mature, plasma membrane-localized receptor (Paavola et al., 2011; Araç et al., 2012) . To date, two non-mutually exclusive models have been proposed for ECR-regulated aGPCR activation. According to the ''shedding'' model, ligand binding to the adhesion domains in the ECR may induce dissociation of the NTF from the membrane-anchored CTF, termed ''shedding.'' After shedding, the Stachel peptide on the CTF is freed from the GAIN domain and functions as a tethered agonist to activate the 7TM (Liebscher et al., 2014; White et al., 2014; Stoveken et al., 2015; Demberg et al., 2015; Hamann et al., 2015; Scholz et al., 2015; Petersen et al., 2015 ). An alternative model suggests that aGPCR extracellular domains govern receptor activity by directly interacting with the 7TM, perhaps in a ligand-dependent fashion (Paavola et al., 2011; Kishore et al., 2016) . However, without detailed characterization of aGPCR ECRs, the validities of these models have been difficult to verify.
Human and mouse GPR56 are 693 and 687 residues long, respectively, each including an $377-residue ECR. The localization of six BFPP mutations to the GPR56 ECR suggests a critical role for the ECR in GPR56 function (Singer et al., 2013; Fujii et al., 2014) . The ECR comprises an N-terminal domain with no previously defined motifs and a GAIN domain ( Figure 1A ) (Araç et al., 2012) . Truncation-based studies suggest that the N-terminal domain mediates the interaction of GPR56 with two known natural extracellular ligands, collagen III and tissue transglutaminase (TG2), and that these interactions may regulate GPR56 function (Luo et al., 2011; Yang et al., 2014) . However, sequence-based bioinformatics analyses have failed to determine the identity of the N-terminal domain as well as the domain boundaries of the N-terminal domain and GAIN domain.
Alternative splicing (AS) has been observed in the coding and non-coding regions of GPR56 transcripts (Kim et al., 2010; Bae et al., 2014) . AS in non-coding upstream elements of GPR56 regulates human-specific cerebral cortical patterning, leading to the suggestion that rapid evolution of GPR56 AS might have influenced cortex evolution of gyrencephalic brains, such as the human brain (Bae et al., 2014) . Intriguingly, the coding region of GPR56 also undergoes AS to generate four variants in humans, two of which include large deletions in the ECR (Kim et al., 2010) . Considering the established pathophysiological importance of AS in the coding regions of many proteins, especially in the brain (Chen and Manley, 2009; Kalsotra and Cooper, 2011; Irimia et al., 2014) , it is likely that these four GPR56 splice variants have distinct and important roles. However, due in large part to the absence of three-dimensional structural information, the effect of AS on ECR architecture is unknown and isoform-specific roles of GPR56 remain elusive.
In this study, we set out to determine the 3D structure of the entire ECR of GPR56 at atomic resolution. To this end, we engineered monobodies that recognize the ECR of GPR56. Monobodies are synthetic binding proteins based on the human fibronectin type-III (FN3) scaffold (Koide et al., 1998) , which have recently emerged as powerful tools to facilitate structure determination as ''crystallization chaperones.'' Monobodies can also act as agonists or antagonists, further underscoring their utility in probing the function of a given protein (Wojcik et al., 2010; Sha et al., 2013; Stockbridge et al., 2015) . In this study, we determined the crystal structure of the ECR of GPR56 in complex with a monobody; excitingly, this represents the first crystal structure of a full ECR for any aGPCR. The structure revealed the identity and boundaries of two extracellular domains: a previously unidentified N-terminal domain with low homology to all known folds and a short but functional GAIN domain. Notably, we discovered that the entire newly defined N-terminal domain was deleted in GPR56 splice variant 4 (S4), but not the other variants, and deletion of this domain increased basal activity of the receptor. Finally, we identified a highly conserved, surfaceexposed patch on the N-terminal domain, mutation of which abolished GPR56 function in vivo. Together, these results elucidate the multifaceted manner by which the ECR regulates GPR56 function and broadens our understanding of aGPCR biology and oligodendrocyte development.
RESULTS
A Specific and High-Affinity Monobody Directed to the Extracellular Region of GPR56 Using a baculovirus expression system as previously described (Araç et al., 2012) , recombinant mouse GPR56 ECR was purified from High Five insect cells. The protein was folded and monomeric and properly underwent autoproteolysis within the GAIN domain ( Figures S1A-S1D ). From combinatorial phage-display libraries (Wojcik et al., 2010; Koide et al., 2012) , monobody clones that bound to mouse GPR56 ECR were enriched. After gene shuffling and additional library sorting using yeast surface display (Koide et al., 2012) , a total of 13 monobodies with different degrees of affinity for the GPR56 ECR were identified ( Figure S2A ). The clone with the highest affinity, termed Mb(mGPR56_a5), was chosen for further analyses ( Figure S2A ). This clone will be abbreviated as ''a5'' hereafter.
a5 bound mouse GPR56 ECR purified from insect cells with an apparent dissociation constant (K D ) = 1.8 ± 0.4 nM in the yeast surface display format, as expected from the design of monobody selection ( Figures 1B and S2B) . Importantly, the apparent K D values of monobodies determined in this manner are consistent with those from more conventional biophysical measurements of purified monobodies such as surface plasmon resonance (Koide et al., 2012; Sha et al., 2013) . Purified a5 also bound to full-length mouse GPR56 expressed on the surface of HEK293 cells with apparent K D = 17 ± 2 nM, indicating that this monobody recognizes the ECR in the context of fulllength GPR56 ( Figures 1C, S2B , and S2C). To determine the a5 residues responsible for interacting with GPR56, we made mutations in several regions of a5. Variants harboring mutations in the so-called CD or FG variable loop of a5 (termed a5_m2, a5_m4, or a5_m5; Figure S2D ) independently decreased affinity by >100-fold, suggesting that both of these loops interact with GPR56. To assess the specificity of a5, we tested its ability to bind to other aGPCR extracellular fragments that contain GAIN domains. No binding was detected between a5 and any of these fragments including GPR112/ADGRG4, an aGPCR in the same subfamily as GPR56 ( Figure 1D ). Furthermore, no binding was detected between a5 and human or zebrafish GPR56 ECR (Figure 1E) . Finally, differential scanning fluorimetry showed a5 increased the thermostability of the GPR56 ECR ( Figure S2E ). Together, these results show that a5 has high affinity and specificity for mouse GPR56 ECR.
The Structure of the a5-GPR56 ECR Complex Reveals Two Domains with an Interdomain Disulfide Bond
We first attempted to crystallize the GPR56 ECR alone using standard techniques but obtained only crystals that diffracted poorly (>8 Å resolution; data not shown). Thus, we instead used a5 as a crystallization chaperone, which yielded high-quality crystals (Figures S1E and S1F). We determined the structure of the GPR56 ECR-a5 complex at 2.5 Å resolution with experimental phases obtained from iodine single wavelength anomalous diffraction data ( Figure 1F ; Table 1 ).
This structure revealed two domains in the GPR56 ECR with an overall dimension of 84 Å 3 54 Å 3 42 Å : a previously unidentified domain with a b sandwich architecture at the N terminus (P28-S160) and, as predicted from the sequence, a GAIN domain at the C terminus (M176-S391). The 15-residue linker between the two GPR56 domains is ordered in the crystal, despite its lack of defined secondary structure. We found an interdomain disulfide bond linking the two domains formed by cysteine residues C121 and C177, both of which are highly conserved among GPR56 orthologs (Alignment S1). This disulfide bond may restrict the movements of the two domains with respect to each other as observed in other proteins with an interdomain disulfide bond (Bustanji and Samorì, 2002) . We observe an interface between Figure 1G ). It is likely that the interdomain disulfide bond and the hydrophobic residues are sufficient to stabilize this conformation of the ECR.
a5 interacts with the N-terminal domain and GAIN domain simultaneously via its CD and FG variable loops, respectively, which are located at opposite ends of the scaffold (Figures S2F and S2G) . This is consistent with the a5 mutagenesis data ( Figure S2D ). At the GPR56 ECR-a5 interface, we observe a buried surface area of $1,620 Å 2 (N-terminal domain-a5, linker-a5, and GAIN-a5 contributing $260 Å 2 , $300 Å 2 , and $1,060 Å 2 , respectively). The fact that we were able to readily generate a monobody with high affinity suggests that a5 binds to a highly populated conformational species, rather than a high-energy, rare species that would require an extraordinarily high-affinity monobody to capture (Koide, 2009) . Thus, it is likely that the conformation of GPR56 ECR captured in our crystal structure represents a dominant conformational state. Superimposition of the GPR56 GAIN domain structure with the previously determined crystal structures of the GAIN domains of aGPCRs Latrophilin 1 (Lphn1/ADGRL1) and brain angiogenesis inhibitor 3 (BAI3/ADGRB3) shows that, intriguingly, subdomain A of GPR56 contains only three helices and is much smaller than subdomains A of Lphn1 and BAI3, which each have six helices ( Figure 1H ) (Araç et al., 2012) . On the other hand, the conformation of subdomain B, which contains the autoproteolysis site and the Stachel, is highly conserved among the three aGPCRs, particularly around the Stachel (Araç et al., 2012) (Figures S1G-S1I) . Analysis of the 2Fo-Fc electron density map confirmed that the GPR56 ECR underwent autoproteolysis (Figure S1G) . Mass spectrometry showed that the GPR56 GAIN domain alone was sufficient to mediate autoproteolysis (Figure S1C) , consistent with previous observations for Lphn1 and BAI3 (Araç et al., 2012) . Two BFPP mutations now unambiguously mapped to the GAIN domain: C346S, which eliminates a conserved disulfide bond, and W349S, which mutates a conserved hydrophobic core residue, are likely to cause global folding problems of the GAIN domain, consistent with previous findings that these mutants undergo little to no autoproteolysis (Jin et al., 2007; Chiang et al., 2011) (Figure 1I ). Together, these results show that even though the GAIN domain of GPR56 is unexpectedly smaller than other known GAIN domains (Araç et al., 2012) , it retains autoproteolytic activity.
The N-terminal Domain of GPR56 Has a Previously Unidentified Fold
The crystal structure of the GPR56 ECR reveals a 133 amino acid, 12-stranded b sandwich domain at the N terminus of mature GPR56 (residues P28-S160) ( Figure 1F ). We denote the two b sheets as b sheet A (strands 2-5, 9, and 12) and b sheet B (strands 1, 6-8, 10, and 11). Using the DALI (Holm and Rosenströ m, 2010) and HorA (Kim et al., 2009 ) servers, we found that this domain has weak homology to the pentraxin (PTX) and laminin/neurexin/sex hormone-binding globulin (LNS) domain families, but no strong homology to any known fold (top DALI hit: LNS, Z score = 6.5; top HorA hit: PTX, combined score = 4.48). Superimposition of the GPR56 N-terminal domain with LNS or PTX domains yields a high backbone root-mean-square deviation (RMSD) (5.7 Å and 4.7 Å , respectively), whereas superimposition of LNS domain with PTX domain yields a lower backbone RMSD ($3.2 Å ), suggesting that the GPR56 N-terminal domain has diverged more from both PTX and LNS domains than the PTX and LNS domains have from each other (Figure 2A ). Though the N-terminal domain of GPR56 has low sequence identity with PTX and LNS domains (18% and 19%, respectively for the family member with the highest identity), we found that it has a conserved motif (HFC 91 xxWxxxxG) that we identified among canonical PTX domains (Alignments S2 and S3). Thus, we termed this GPR56 domain the PTX/LNSLike (PLL) domain. The connectivity of the b strands in the PLL domain of GPR56 is substantially different from the completely conserved connectivity within the PTX and LNS families (Figures 2A and 2B ). Interestingly, the majority of the changes in b strand connectivity map to b sheet A. All PTX and LNS domains have completely antiparallel b sheets, whereas b sheet A of the PLL domain of GPR56 is a mixed b sheet with b2 and b4 strands parallel to each other (Figures 2A and 2B) . In contrast, the other b sheet, b sheet B, is antiparallel as in the PTX and LNS domains and contains all six PLL domain-localized BFPP mutations (Figures 2A-2C) . Additionally, the locations of b2, b11, and b12 strands with respect to the other b strands sets the PLL domain apart from the known PTX and LNS folds ( Figure 2B) . Thus, the PLL domain of GPR56 has a unique fold that likely diverged from the PTX and LNS domain folds.
The PLL Domain Is Deleted in GPR56 Splice Variant 4 Although AS of upstream regulatory elements of GPR56 controls regional cerebral cortical patterning (Bae et al., 2014) , the role of AS of GPR56's coding sequence is unknown. AS in the coding region of genes is an important mechanism to greatly expand the functional and regulatory capacity of metazoan genomes and its regulatory role in brain function has been repeatedly demonstrated (Braunschweig et al., 2013; Irimia et al., 2014; Anderson et al., 2015) . For instance, recent studies suggest a specific expression pattern for hundreds of alternatively spliced isoforms of neurexins, key proteins that organize synapse architecture and encode cellular identity and diversity (Fuccillo et al., 2015) . The coding sequence of human GPR56 consists of 13 exons and the ECR is encoded by exons 2-9 ( Figures 3A and  3B ). AS occurs in exons 2, 3, and 10, resulting in a total of five variants (WT and S1-S4), of which only S3 and S4 result in substantial changes to the ECR (Kim et al., 2010) . S3 has a large deletion encompassing the 3 0 end of exon 2 and all of exon 3 (DR38-Q207) including the C-terminal portion of the PLL domain and a small N-terminal portion of the GAIN domain, likely resulting in a hybrid domain with unknown structure ( Figure 3A) . In S4, 43 nucleotides at the 5 0 end of exon 2 are deleted, resulting in a frameshift and therefore a new translation start site at M176 (Figures 3A-3C) . AS in the ECR-coding region of human and mouse GPR56 is identical, specifically the formation of S3 and S4. Strikingly, the crystal structure of the GPR56 ECR revealed that M176 corresponds exactly to the first residue of the GAIN domain.
Therefore, S4 lacks the N-terminal 175 residues including the signal peptide sequence (M1-G26), PLL domain (S27-S160), and PLL-GAIN linker (F161-D175). These observations suggest that by regulating AS, a cell may generate GPR56 with or without a PLL domain in the ECR, which could diversify functionality.
PLL Domain Deletion Increases GPR56 Basal Activity
In order to test the role of the PLL domain in GPR56 G protein signaling, we generated various constructs and assayed their cell-surface expression and signaling capability. These constructs include splice variant 4 (termed ''S4,'' deleting residues M1-D175 including the signal peptide), and splice variant 4 with the signal peptide (effectively a deletion of the PLL domain and PLL-GAIN linker, termed ''DPLL,'' deleting residues G26-D175). Due to the interdomain disulfide bond, PLL domain deletion in both constructs generates a free cysteine that may mediate nonspecific interactions. Therefore, we also generated a construct with the C177S mutation on DPLL (termed ''C2+DPLL''). Additionally, we generated a construct corresponding to full-length GPR56 without the interdomain disulfide bond (termed ''C1+C2'' corresponding to C121S+C177S) and one that corresponds to the cleaved C-terminal fragment (CTF, including the Stachel and 7TM) that has been reported to have dramatically increased basal activity ( Figure 3A ; Table S1 ) (Stoveken et al., 2015) . Proper cell-surface expression and trafficking of these constructs in HEK293T cells was quantified using a cell-surface biotinylation assay followed by streptavidin pulldown and western blot using an antibody directed to the C terminus of GPR56 (Paavola et al., 2011; Stoveken et al., 2015) . We note that we did not attach an N-terminal epitope tag such as FLAG to these constructs, because modifications near the N terminus led to dramatically reduced cell-surface expression and signaling ( Figure S3 ).
Human and mouse GPR56 are both reported to activate Ga 13 , which is upstream of RhoA and serum response element (SRE) (Luo et al., 2011; Stoveken et al., 2015) (Figure S4A ). Interestingly, we found mouse GPR56 weakly coupled to an additional G protein, Ga q , but not Ga i/o , which can couple to human GPR56 ( Figures S4B-S4D) (Stoveken et al., 2015) , likely illustrating different roles for GPR56 across species. We used an SRE-luciferase assay to measure Ga 13 G protein signaling of HEK293T cells overexpressing WT or mutant GPR56 constructs. Overexpression of full-length GPR56 in HEK293T cells resulted in higher luciferase activity when compared to cells transfected with an empty vector, showing that the basal activity of overexpressed GPR56 can be detected in this assay. We detected much lower basal activity for S4 expressed in HEK293T cells relative to cells expressing WT GPR56, as reported (Kim et al., 2010 ), but we found that S4 had undetectable expression in this system ( Figure 3D ), rendering it difficult to evaluate the functional state of S4. In contrast, DPLL, which differs from S4 only by the presence of the N-terminal secretion signal sequence, showed detectable surface expression in HEK293T cells (Figures 3D and 3E) ; thus, we used this construct to represent the function of S4 in HEK293T-based signaling assays. Importantly, the majority of GPCRs do not contain an N-terminal secretion signal peptide, yet are still properly trafficked to the plasma membrane (Schü lein et al., 2012) . This suggests that despite the requirement of a signal peptide in HEK293T cell culture (as in DPLL), GPR56 S4 may be properly trafficked in vivo, consistent with detectable S4 transcript in mouse brain ( Figure 3C) . Strikingly, the DPLL construct had higher basal activity than WT GPR56 ($2-fold without normalization for surface expression and $5-fold with normalization). This suggests that deletion of the PLL domain in S4 would result in increased basal G protein signaling as long as S4 is properly trafficked to the plasma membrane. C2+DPLL, which removes the unpaired Cys residue in the GAIN domain after the deletion of the PLL domain, produced similar results ($2-fold and $4-fold increase in basal activity without and with normalization for surface expression, respectively), indicating that the elevated activity is not caused by potentially anomalous conjugation involving this unpaired sulfhydryl group ( Figure 3F ). Moreover, eliminating the disulfide bond between the PLL and GAIN domains in full-length GPR56 also increased GPR56 basal activity ( Figure 3F ), suggesting the importance of restricting the flexibility within the ECR in keeping the receptor in the basal state. We generated several additional GPR56 ECR mutants and assayed their basal activity using the same SRE-luciferase reporter (Table S1 ). Altogether, these results suggest that the ECR regulates GPR56 signaling via complex mechanisms and that AS of the coding region modulates GPR56 function.
The Two b sheets of the PLL Domain Experienced Different Evolutionary Pressures
In order to characterize the evolution of the PLL domain, GPR56 protein sequences from various species were aligned ( Figure 4A ). The PLL domain of GPR56 has lower sequence identity (65% between mouse and human) when compared with those for the GAIN (79%) and 7TM domains (88%), suggesting the individual domains of GPR56 have evolved to different degrees across species ( Figure 4B ). Furthermore, these analyses revealed that even the two b sheets of the PLL domain have strikingly different sequence conservation across species: b sheet B had 77% sequence identity between mouse and human, while b sheet A had only 53%. This distinctly lower conservation suggests that b sheet A has evolved rapidly since the divergence of mouse, human, and hedgehog from their common ancestor about 105 million years ago ( Figure S5A ; Alignment S4).
Functional sites (i.e., natural ligand-binding sites) are often highly conserved patches on protein surfaces. Thus, we performed surface conservation analysis of 102 GPR56 protein sequences from diverse organisms using the ConSurf server Table S1 ). Residue numbers for domain boundaries based on the crystal structure and the interdomain disulfide bond are shown. Function metrics used are: (0) none, (1) very little, (2) less than WT, (3) comparable to WT, (4) more than WT, and (ND) not determined.
# See also Figure S3 . (Celniker et al., 2013) to identify any putative functional sites on the GPR56 ECR. When the conservation score for each residue was mapped onto the GPR56 ECR structure ( Figure 4C ), the largest and most obvious conserved patch on the entire ECR was formed by a group of residues (G86, Y88, H89, and G106) located on b sheet B of the PLL domain ( Figure 4D ). The residues involved in the conserved intra-PLL domain disulfide bond between strands b1 and b6 (C35 and C91) also contribute to this conserved patch. Finally, a glycan with a conserved N-linked glycosylation motif (N148-X-S150) sits adjacent to this patch. Notably, the side chain of H89 points out of b sheet B into the solvent. Pairwise surface conservation analysis between human GPR56 and protein sequences from various organisms (gorilla, mouse, hedgehog, and zebrafish) shows that this patch is indeed highly conserved, even in zebrafish, the earliest known organism with GPR56 in its genome ( Figures 4E, S5A , and S5B). Thus, we speculated that this conserved patch, particularly H89, has an essential role in GPR56 function (see below for in vitro and in vivo analysis).
A Residue in the Conserved Patch of the PLL Domain Is Critical for Oligodendrocyte Development in Zebrafish
We hypothesized that the residues comprising the aforementioned conserved patch of the PLL domain are involved in an evolutionarily conserved function of GPR56. To dissect this in vivo, we tested GPR56 point mutants using zebrafish. Briefly, in zebrafish, Gpr56 promotes oligodendrocyte proliferation in the CNS, such that loss of this aGPCR results in reduced numbers of mature oligodendrocytes and myelinated axons . Gpr56 activity in zebrafish can be readily measured by assessing the expression of myelin basic protein (mbp), which encodes a structural component of the myelin sheath. Importantly, transient expression of mouse GPR56 mRNA increases mbp expression above WT levels as reported previously and confirmed in the present study ( Figures 5A and 5B) .
We tested the following mouse GPR56 point mutations in this assay: H89A, S150A, H381S, and C121S+C177S (C1+C2), described in Figure 3A . Strikingly, injection of mRNA encoding the mouse GPR56 H89A mutant failed to enhance mbp expression, suggesting an essential role of this evolutionarily conserved residue in CNS myelination ( Figure 5B ). The H381S mutant also failed to enhance mbp expression, suggesting a possible role for receptor autoproteolysis in GPR56-dependant oligodendrocyte development, consistent with previous studies that implicate autoproteolysis in GPR56 function (Luo et al., 2014; Kishore et al., 2016) . On the other hand, S150A and C1+C2 resulted in a significant increase in mbp expression, similar to injection of WT GPR56 ( Figure 5B ). To ensure the in vivo effects of these mutants were not simply due to mutation-dependent cell-surface expression, we quantified surface expression and SRE signaling in HEK293T cells. We found that H89A had no effect on surface expression or basal activity as compared to WT GPR56, suggesting that any differences between WT and H89A phenotypes in vivo are not due to cell-surface expression or basal activity ( Figure 5C ). Altogether, these results reveal that the conserved patch of the PLL domain mediates an essential function in CNS myelination.
a5 Monobody Is an Allosteric Inverse-Agonist for GPR56 We hypothesized that since a5 interacts with the GAIN and PLL domains, both shown to regulate signaling, a5 may itself modulate GPR56 basal activity. We found that addition of a5 to the SRE-luciferase signaling assay causes an $25% decrease in GPR56 basal activity with an IC 50 = 65 ± 14 nM ( Figures 6A  and 6B ), the same order of magnitude as the measured affinity of purified a5 to GPR56-expressing HEK293T cells (K D = 17 ± 2 nM, Figure S2C ). The addition of an unrelated, non-binding monobody, or a5_m5 (double Tyr to Ala mutant in the FG loop with >100-fold decreased affinity for GPR56 [ Figures 1E and  S2D] ), produced no significant effect on GPR56 basal activity ( Figure 6A ). In addition, a5 had no effect on the background luminescence of HEK293T cells transfected with an empty vector ( Figure 6A ), demonstrating the specificity of a5 in this assay. The binding site of a5 is poorly conserved among mouse, human, and zebrafish GPR56 ( Figure 6C) , consistent with the observation that a5 does not detectibly interact with human or zebrafish GPR56 ( Figure 1E ). Furthermore, as expected from the crystal structure, a5 binds to full-length mouse GPR56 and purified soluble mouse GPR56 ECR, but it does not detectibly interact with N-terminally truncated mouse GPR56 constructs expressed in HEK293T cells including DPLL ( Figure S3) . Thus, the entire ECR is necessary for a5 binding, indicating that any effect on GPR56 activity mediated by a5 is due to its interaction with the ECR and not the 7TM, the canonical site for GPCR ligand interaction. Therefore, a5 represents an ''allosteric inverseagonist'' for GPR56 (Christopoulos, 2014) .
DISCUSSION

CNS Myelination Likely Requires GPR56 Activation by a PLL-Binding Ligand
Our study yielded the first crystal structure of the full ECR of an aGPCR and provides a functional framework to understand the molecular mechanisms by which aGPCR ECRs govern receptor function. The crystal structure revealed a previously unidentified PTX/LNS-Like (PLL) domain at the N terminus of the GPR56 ECR (Figure 2 ). Both PTX and LNS domains predominantly occur in secreted proteins and in ECRs of cell-surface proteins. LNS domains in particular are mostly known for their adhesion properties, especially in the brain, and exist in adhesion molecules such as agrins, laminins, and neurexins to mediate cell-cell and cell-extracellular matrix interactions (Rudenko et al., 2001; Araç et al., 2007; Domogatskaya et al., 2012) . Thus, the remote similarity of the PLL domain to PTX and LNS domains supports an adhesion-related role for the PLL domain in GPR56 as was previously suggested (Koirala et al., 2009) (Figures 2A and 2B ; Alignments S2 and S3). Future studies focusing on biochemical and structural characterization of ECR-ligand interactions will provide more insight into the pathophysiological role of GPR56.
The suggested ''shedding'' mechanism for aGPCR activation involves engagement of an aGPCR ECR by an extracellular ligand, which results in separation of the NTF from the CTF and initiation of G protein signaling (Stoveken et al., 2015; Liebscher et al., 2014) . On the other hand, recent studies suggest that the non-shed NTF of GPR56 may negatively regulate signaling by interacting with the 7TM directly (Kishore et al., 2016) . Importantly, ligand binding may activate GPR56 through each of these mechanisms individually or perhaps in concert (B) Average CNS mbp score (±SEM) for phenol red (+ Control)-, WT-, H89A-, H381S-, S150A-, and C121S+C177S (C1+C2)-injected embryos (from left to right). Injection of WT GPR56 causes an increase in CNS mbp score compared to control-injected embryos (p < 7.56 3 10 À6 ). H381S and H89A abolish the effect of GPR56 overexpression on CNS mbp expression (no significant difference from control injected, significantly less than WT injected: H381S, p < 0.02; H89A, p < 2.68 3 10 À5 ). S150A and C1+C2
do not affect GPR56-induced CNS mbp overexpression (versus control injected: S150A, p < 3.78 3 10 À5 ; C1+C2, p < 0.005).
(C) Cell-surface expression and basal activity of mutant GPR56 constructs as measured by the SREluciferase reporter assay. Top: cell-surface expression of untagged WT and mutant GPR56 constructs with affinity for a5 comparable to WT measured by flow cytometry. Middle: basal activity of mutant constructs. Bottom: basal activity of mutant constructs normalized for cell-surface expression using MFI from top. Data are presented as mean ± SEM; n = 3.
( Figure S6 ). It is widely accepted that GPR56 signals through SRE via RhoA and Ga 13 (Iguchi et al., 2008; Luo et al., 2014; Stoveken et al., 2015) and it has been shown that transient expression of constitutively active RhoA can suppress myelination defects in gpr56 mutant zebrafish . We discovered a surface-exposed conserved patch on the PLL domain that is necessary to promote CNS myelination in vivo but that does not affect basal activity in vitro (Figures 4 and 5) . Thus, as is common for highly conserved patches, we speculate that this patch on the PLL domain directly engages a GPR56 ligand such as collagen III, TG2, or an as-yet-unidentified ligand. Indeed, truncation-based analyses suggest that the regions of GPR56 responsible for binding TG2 and collagen III are within residues 108-177 and 27-160, respectively, both of which map to the PLL domain (Yang et al., 2011; Luo et al., 2012) . Together, these observations are consistent with the hypothesis that CNS myelination is dependent on GPR56 activation induced by a PLL domain-binding ligand ( Figure S6 ).
Alternative Splicing Restricts PLL Domain Expression
The crystal structure of the GPR56 ECR defined the boundaries of the PLL and GAIN domains, and, remarkably, showed that S4, a GPR56 splice variant present in both human and mouse, encodes an isoform that lacks the entire PLL domain, precisely starting with the first residue of the GAIN domain ( Figures 3A,  3B , and 7A). Intriguingly, in the originally described GPR56 knockout mouse, which displays phenotypes of cortical neuronal ectopia and impaired oligodendrocyte development, the expression of the full-length GPR56, but not the S4 transcript, is disrupted ( Figure 3B ) (Li et al., 2008; Giera et al., 2015) . This demonstrates that GPR56 S4 expression alone is not sufficient for normal CNS development and suggests that the PLL domain has a critical role in both cortical development and oligodendrocyte development. We speculate that observations of a recently published null knockout mouse with all GPR56 isoforms deleted will reveal distinct, and perhaps more severe, phenotypes . Taken together, our results support a model in which domains in the ECR directly or indirectly regulate the distinct but interrelated functions of GPR56: a possible adhesion function mediated by the PLL domain and a G protein signaling function mediated by the 7TM domain (Figures 7 and S6 ). With regard to mechanism, we show that ECR modification leads to altered basal activity by allosterically altering NTF shedding propensity and/or altering the conformational states sampled by the 7TM (e.g., absence of the PLL domain leads to increased basal activity) ( Figure S6 ). Moreover, by fine-tuning the expression levels of different GPR56 isoforms, cells may regulate their response to diverse extracellular ligands as well as their basal level of G protein signaling (Figure 7 (C) Stereo image of the interface between a5 and GPR56 ECR. ECR is colored by conservation score, as in Figure 4C . a5 residues important for GPR56 binding ( Figure S2D) shown as sticks.
ECR with high affinity and specificity ( Figures 1B-1F , 6A-6C, S2, and S3). Agonistic antibodies directed to GPR56 have been reported but their mechanisms of action are not fully understood (Ohta et al., 2015; Yang et al., 2015) . The lack of well-characterized agonists and antagonists has hampered mechanistic studies of GPR56 and other aGPCRs. Our success in generating a modulator of GPR56 suggests that like the canonical GPCRs, aGPCRs, including GPR56, are realistically ''druggable.'' Such synthetic modulators will help advance mechanistic analyses of aGPCRs. Our finding that a5 alters basal activity by binding to the ECR is an encouraging proof of concept for developing highly selective modulators of aGPCRs. A major challenge in GPCR-targeted drug design is the high conservation of 7TM, which demands high specificity of drugs so as to minimize undesirable side effects (Schlyer and Horuk, 2006) . As aGPCR ECRs are much more diverse than 7TMs, the pursuit of aGPCR ECR-targeted (i.e., allosteric) synthetic ligands, such as monobodies or antibodies, will likely result in highly specific reagents. Furthermore, as the therapeutic potential of allosteric GPCR modulators that exhibit moderate effects has been demonstrated (Wootten et al., 2013 (Wootten et al., , 2016 Christopoulos, 2014) , this work validates the aGPCR ECR as an effective drug target.
EXPERIMENTAL PROCEDURES
Monobody Generation Biotinylated mouse GPR56 ECR was used as a target for phage-display selection from a ''side and loop'' monobody library as previously described (Koide et al., 2012) . The naive library contained $10 9 different clones. Four rounds of selection were performed at target concentrations of (1) 100 nM (tetramerized), (2) 100 nM (monomeric), (3) 50 nM (monomeric), and (4) 50 nM (monomeric). A yeast display library containing $10 6 different clones was constructed from the output of phage display selection. A single round of positive sorting of the yeast display library was done using fluorescent-activated cell sorting (FACS) using dye-labeled GPR56 ECR to stain yeast. Binding assay for testing the affinity and specificity of individual monobody clones was performed using yeast surface display as described previously (Sha et al., 2013 ).
X-Ray Crystallography Data Collection
Purified mouse GPR56 ECR was mixed with purified monobody a5 and the complex was purified by size-exclusion chromatography (Superdex 200 10/ 300 GL; GE Healthcare) and concentrated to $22 mg/mL protein complex. Crystals grew to >0.1 mm in 80 mM sodium acetate (pH 4.6), 19.5% glycerol, 16.9% PEG 600, 7.6% PEG 1,000. To obtain phase information, we treated some crystals with KI 3 using vaporizing iodine labeling (Miyatake et al., 2006) . Native and iodinated diffraction data were collected to 2.45 and 3.00 Å , respectively, at the Advanced Photon Source, beamline 23-ID-B.
SRE-Luciferase Assay
HEK293T cells were transfected with Gpr56 (WT or mutant) and dualLuc-SRE using FUGENE6. After 24 hr, media was replaced with DMEM + 0% FBS. For monobody treatment, monobody was added to cells 6.5 hr after the start of serum starvation. After 12 hr total of serum starvation, media was aspirated. Cells were lysed using the Dual-Glo Luciferase Assay System from Promega.
Zebrafish Embryo Synthetic mRNA Injections
The full-length WT mouse GPR56 cDNA clone (openbiosystems clone ID: 3709247) and all mutant derivatives of GPR56 (H89A, S150A, H381S, C121S+C177S) were linearized with NotI, transcribed using the mMESSAGE mMACHINE SP6 ULTRA kit (Ambion), combined with phenol-red dye and injected at a final concentration of 50 pg in 2 nL. To control for adverse side effects resulting from mechanical stress during injection, we also injected zebrafish embryos with an equal volume of phenol-red diluted 1:5 in water.
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